Transcription studies in vitro on repression of the tryptophan operon of Escherichia coli show that partially purified trp repressor binds specifically to DNA containing the trp operator with a repressor-operator dissociation constant of about 0.2 nM in 0.12 M salt at 370, a value consistent with the extent of trp operon regulation in vivo. The half-life of the trp repressor-trp operator complex is less than 2 min in vitro in 0.12 M salt.
Partially purified trp aporepressor (1) represses transcription in vitro of the tryptophan (trp) operon of Escherichia coli in the presence of itryptophan or appropriate tryptophan analogues (2) (3) (4) . Neither tryptophanyl-tRNA synthetase (3, 5) nor tryptophanyl-tRNA (5-7) appears to participate in repression. Repression in vitro involves interaction between the trp repressor and the trp operator, since an operator constitutive mutation eliminates repression (2) . On the basis of these findings it may be tentatively concluded that the protein product of trpR, the aporepressor, when complexed with the corepressor, L-tryptophan, acts at the trp operator to present transcription of the operon.
Attempts to assay trp repressor-trp operator interaction by conventional DNA-protein binding assays (8) have been unsuccessful. Therefore, we have used the in vitro transcription system to study this interaction.
MATERIALS AND METHODS
Bacteriophage Isolation. The transducing phages 480 trpO+ AtrpED102 trpCBl and XtrpCBl have been described (2) .
Phage 080 trpO+ trpE7 carries trpE and the operator proximal portion of trpD and was isolated after induction of an E. coli 480h-lysogen carrying the deletion tonB trpAD32. This deletion removes the operator distal genes trpA, trpB, and trpC, and about 80% of trpD. Phage 480 trpO+ trpE7 carries the trp operator and promoter, as shown by enzyme formation analyses in infection experiments similar to those described by Franklin (9) . The gene order in the operon is trp operator (0)-
E-D-C-B-A.
Reaction Conditions In Vitro and Repressor Preparation. In vitro reactions (2) were for 15 min at 37°. The final volume of each reaction mixture was 30 /l, containing 0.3 mM Ltryptophan, 12 mM Tris-HC1 (pH 7.9), 1.3 mM MgCI2, 97 mM KCl, 0.13 mM EDTA, 0.1 mnM dithiothreitol, 0.09 mM ATP, CTP, and GTP, 0.017 mM [3H]UTP (10 Ci/mmole), 10 /Ag/ml (0.33 nM) to 150 ,g/ml (5 nM) of DNA and 10 /ug/ ml to 153 ,ug/ml of RNA polymerase holoenzyme (EC 2.7.7.6; nucleosidetriphosphate: RNA nucleotidyltransferase). Except where stated otherwise, the ratio of polymerase to DNA was maintained at 1:1 (w/w). Each reaction mixture also contained 6 M1A of buffer IV (1) with the indicated amounts of partially purified repressor. Buffer IV added final concentrations of 2 mM Tris-OAc (pH 8.0), 12 mM KOAc, 2.5 mM Mg(OAc)2, 0.14 mM dithiothreitol, and 1% glycerol. RNA synthesis, RNA purification, and DNA template preparation were as described (2) . The initial steps of aporepressor purification were as described (1), and then the aporepressor was taken through an additional DEAE-cellulose column step which gave 10-fold further purification (5) . The final preparation of aporepressor was estimated to be 550-fold purified over that in crude extracts. This preparation contains about 1 nM aporepressor at a protein concentration of 5.2 sg/ml (Fig. 2) .
Assuming a molecular weight of 58,000 (1, 5) , the active aporepressor would constitute about 1.0% of the protein in the preparation. RESULTS
The template DNA used in most of the transcription experiments in vitro described here was isolated from a specialized transducing phage, 080 trpO+ AtrpEDl02 trpCBl, which carries the trp operator, trpC, trpB, and a portion of trpA, and has a particular deletion of trpE and D. This deletion results in relatively high rates of trpCB mRNA synthesis in vivo and in vitro (10, 2 [3] where [01 = the operator concentration that saturates any given fraction X of repressor [X = (RO/R)]. For example, when the operator concentration gives one-half saturation of R, i.e., when RO = 1/2 R and X = '/2, equation [3] becomes
[4] To determine if the trp repressor-trp operator interaction conforms to the equilibrium described above we must know the following values: (i) the total operator concentration, (ii) the concentration of repressor-operator complex, and (iii) the total repressor concentration. The operator concentration is known accurately from the A260 of the template DNA, and from its molecular weight (3 X 107), assuming one repressor binding site (trp operator) per DNA molecule. The percent repression measured in transcription experiments in vitro is * Actually, however, since the aporepressor (AR) presumably must complex with the corepressor, tryptophan (T), to bind to and remain attached to the operator (0), the following equilibria obtain: We assume here that in the presence of excess tryptophan, only the dissociation constant for the second reaction is being measured. assumed to indicate the percent of total operators bound to repressor molecules. The total repressor concentration is determined from the plateau values in experiments in which the operator concentration is increased until the concentration of repressed operators reaches a plateau. If we make the assumptions stated, the results in Fig. 1 can be expressed in the form of repressor saturation curves (Fig. 2) . Here the concentration of repressed operators (i.e., the percent repression multiplied by the DNA concentration) is plotted against the DNA concentration. The two sets of data are from experiments performed with 2.6 and 5.2 Ag/ml of the partially purified repressor preparation. The plateau values reached show maximal repression of 0.5 and 1 nM operator at the respective repressor concentrations. That the plateau values are proportional to the amount of repressor added supports the assumption that the plateau values measure the total repressor concentration. Using the repressor concentrations determined in this manner, 0.5 nM and 1 nAM, we have constructed theoretical repressor saturation curves using Eq. 3 to determine if the data are consistent with the equilibrium described by Eqs. 1-4. Because theoretical curves (Fig. 2) In vitro reactions were done as described in Materials and
Methods except that the template (4)80 trpO + AtrpED102 trpCBl DNA) concentration was held constant at 30 Mug/ml (1 nM).
Total incorporation ranged from 14,000 cpm (20 ,g of RNA polymerase/ml) to 46,000 cpm (60 ;&g of RNA polymerase/ml) and was reduced less than ten percent by addition of repressor. were then cooled to 00, and 080 DNA or 4)80 trpO + trpE7 DNA were added to reactions that had not been preincubated with either DNA. RNA polymerase was added, and the mixture was incubated for 2 min at 00. Nucleoside triphosphates were added and reactions were run for 15 To reduce the error due to the hybridization blank (0.4% to X DNA), all RNA samples were prehybridized to 5 ug of membrane-bound )80 DNA for 16 hr at 650. The supernatant solutions were then hybridized to the separated strands of XtrpCBl DNA and to X DNA as described (2) Association of repressor and operator occurs so rapidly as to be immeasurable at the concentrations of repressor and operator used in the in vitro transcription assay (Fig. 1 ). However, experiments described below do suggest a rate of repressoroperator dissociation faster than that observed for lacrepressoroperator complexes. Since interpretation of these experiments requires knowledge of the time during which repressor acts in the in vitro system, we performed the following experiments to examine this parameter. Fig. 3 shows that repression decreases progressively as tryptophan is added at later times during the first 4 min of the standard 15-min transcription reaction period. Conversely, repression increases progressively when indolyl-3-propionic acid (a tryptophan analog that reverses tryptophan-mediated repression, ref. 2) , is added at later times to a reaction mixture containing repressor and tryptophan. Thus, the majority of the polymerase molecules in the reaction mixture are no longer subject to repressor action four minutes after addition of triphosphates-probably because they are bound to the template and engaged in transcription. trpCBl template is detected. The results show that the presence of a 4-fold excess of competing 080 trpO+ trpE7 DNA causes significant derepression of tpCB mRNA synthesis whereas, in the control experiment in which a 4-fold excess of 480 DNA was added, no derepression was observed. More importantly, competition for repressor is also observed (Fig. 4) when repressor is preincubated with 4)80 trpO+ AtrpEDlO2 trpCBl DNA before the addition of the competing operator DNA. This result suggests that the repressor exchanges rapidly amo' g trp operators.
Unfortunately, two limitations of the in vitro transcription assay procedure preclude an accurate determination of the repressor-operator half-life. First, after addition of the com. peting trp operator DNA to DNA that was preincubated with repressor, a 2 min period is used for the addition of RNA polymerase and nucleoside triphosphates before the reaction is started. Repressor might exchange among operators during this period even though the temperature is held at 00. [The half-life of the lac repressor-operator complex is constant between 00 and 30° (11) .] Second, the data in Fig. 3 show that repressor must act throughout the first 4 [3] [4] min. The apparently complete equilibration (Fig. 4) in less than 4 min implies a half-life of the trp repressor-trp operator complex of less than 2 min.
DISCUSSION
In estimating the trp repressor-trp operator dissociation constant we assume that foreign proteins in the impure repressor preparation do not interfere with binding of the repressor to the operator. This appears to be true for lac repressor-lac operator interaction, since identical values for the dissociation constant are obtained in experiments with either pure repressor or crude cell extracts (12) . Since binding of tip repressor to the trp operator is tight and specific, it seems likely that this is also true of the trp repressor and trp operator.
We have made the additional assumption that repression results from interaction of repressor with a single trp operator site on the DNA. The normal Michaelean hyperbolas obtained in these experiments suggest a lack of cooperative effects of repressor binding, which might be expected if more than one molecule of repressor were binding the operator. However, a more precise assay for repressor-operator binding at low operator concentrations is required for a thorough examination of sigmoidicity in the repressor saturation curves.
The presence of inducer is known to reduce the half-life of preformed lac repressor-operator complexes (13) . Tryptophan presumably acts to increase the affinity of the repressor for the trp operator and/or increase the half-life of the trp repressoroperator complex. We cannot decide between these alternatives since our competition assay for binding is indirect and depends on measurements of the amount of repressor available for repression in the presence of excess tryptophan.
trp Operon Regulation 3137 Zubay et al. (1) , using a cell-free coupled system, have calculated a trp repressor concentration of 10 molecules per cell from the estimated molecular weight of the repressor and the amount of S-30 extract required for 50% repression of 0.78 nM trp operator. In making this calculation, it was assumed that the trp repressor concentration that would give 50% repression was half of the DNA concentration. Our results show that the dissociation constant of the repressor-operator complex is relatively large and cannot be ignored in making such a calculation. At 50% repression of 0.78 nM operator (K = 0.2 nM), Eq. 4 predicts a repressor concentration of 1.15 nM, 3-fold higher than that estimated by Zubay et al. (1) . In agreement with our results, their data suggest a relatively large dissociation constant, since a repressor concentration giving an intermediate level of repression is shown to repress increasing concentrations of operator as the DNA concentration is increased from 0.78 nM to 3.12 nM (Fig. 3 of ref. 1 (14) , where the induction ratio is 1000, suggested K < 0.01 nM. At a salt concentration of 0.2 M, close to that believed to exist in vivo (15) , K for lac repressor-operator dissociation is about 0.01 nM (8) . In vitro trp operon transcription is inhibited 6-fold in 0.2 M salt, making determination of K at this ionic strength difficult.
The E. coli galactose (gal) operon repressor has been shown to bind the gal operator with very high affinity (K = 0.001 nM in 0.05 M salt, ref. 16 ). Information on the binding at higher salt concentrations is not available. Trp repressoroperator binding appears to be significantly weaker than that observed for the lac repressor and operator at the same salt concentration, and is probably weaker than gal repressoroperator binding. Also, the half-life of the trp repressoroperator complex is less than 2 min in our in vitro transcription buffer (0.12 M salt), shorter than the value of 10 min estimated for the lac repressor-operator complex in 0.12 M salt (11) .
The relatively large dissociation constant for trp repressoroperator interaction could explain the inability to detect binding of trp repressor to operator in conventional assays. With more highly purified repressor it may be possible to increase the repressor concentration sufficiently to detect this binding, making possible a detailed kinetic analysis of trp repressor-operator interaction.
